The ESA Swarm constellation includes three satellites, which have been observing the Earth's ionosphere since November 2013, following polar orbits. The main ionospheric plasma parameters, such as electron density and temperature, 10 are measured by means of Langmuir probes (Lps); electron density measurements, in particular, are nowadays largely considered as qualitatively reliable, and have been used in several published papers to date. In this work, we aim to discuss how some technical characteristics of Swarm Lps, such as their size and location on board the satellites, as well as the operational setup of the instruments, could lead to limitations in their accuracy if one underestimates the influence of satellite proximity, and the larger extension of the plasma sheath surrounding the probes due to the operational point of the 15 voltage ripple. Two specific corrections are proposed for the assessment and possible mitigation of such effects. Finally, a comparison is made with electron density measurements from CSES-01 mission, which relies on Langmuir probes as well, whose geometry and operating mode are standard.
systematically lower by ≈4.2%. In addition, Pedatella et al. (2015a) compared CHAMP Lp observations to COSMIC GPS 35 radio occultation (RO) density measurements, finding that that COSMIC densities were, on average, greater by ≈14.9%, even though with a correlation coefficient larger than 0.9. Finally, Lomidze et al. (2017) compared Swarm Lp data to ISR measurements (several low-latitude ionosonde stations), and to COSMIC RO data covering all latitude ranges, and found a systematic underestimate of Swarm-derived plasma frequency of about 10% despite the associated high correlation coefficient.
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However, the comparison between in-situ and remote measurements is always a very delicate matter: different sizes of sensing areas, different time resolutions, and theoretical models, all involved in the inversion processing of remote measurements, make such comparisons qualitatively reliable only over large dataset statistics, while single case comparisons can lead to big differences.
Therefore, the one-to-one comparison between in-situ measurements is always preferable, when available. On February 2018, 45 the first China Seismo-Electromagnetic Satellite (CSES-01) was launched, with the aim to detect electromagnetic perturbations in the ionosphere following earthquakes . The satellite follows a polar Sun-synchronous orbit with ascending node at 2-AM local time at about 510 km, and during August 2018 good conjunctions were found with the lower Swarm pair (Swarm A and C). CSES-01, as well as Swarm, mounts Langmuir probes for the measurement of electron density and temperature [Yan, R., 2018 , Guan Y-B., 2018 .
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As detailed in the following sections, the basic theory retrieving plasma parameters from Lp raw current still relies on the seminal work by Mott-Smith and Langmuir [1926] . However, any algorithm must properly take into account all relevant construction features of the apparatus, as well as adjustments to plasma regimes one expects to encounter along the spacecraft path [Brace, 1998] .
In this paper, we analyse some features of the Swarm Lp setup and operations, which, considering the properties of ionospheric 55 plasma at its altitude, are likely to introduce a variable bias in the electron density determination. Correspondingly, we suggest some simple correction algorithms aimed at the mitigation of such effects. In order to justify the reliability of the proposed corrections, we show some case comparison involving density measurements taken by CSES-01 in local-time conjunction with Swarm A.
The Langmuir Probe: general theory
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In general, a Langmuir probe is an electrode immersed in a plasma. If a sweeping voltage is applied to the electrode, a plasma current will be collected [Mott-Smith and Langmuir, 1926] Diego et al., 2017a) 
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For each applied potential, the total current, I, is due to the contribution of both ions ("ion current", Ii) and electrons ("electron current", Ie). As far as the photoelectron emission is negligible (i.e., up to an altitude of several hundreds km in the ionosphere, as described in Diego et al. (2017) ), the net current drawn from the plasma is the sum of Ie and Ii. The amount of current drawn for each plasma component depends on plasma parameters (mainly density and temperature) and on the ambient magnetic field to a lesser extent. The interaction between probe and plasma is developed through the so-called "plasma sheath" region, 70 which is formed close to the probe's conducting surface, and whose extension depends on the sweeping voltage. The Lp standard mode of operation consists of sweeping the probe potential widely across the whole characteristic curve (Figure 1) , with a voltage modulation, V -Vpl (Vpl being the local plasma potential, and V the probe potential), that swings from very negative to very positive values.
The ion and electron densities and temperatures can be obtained by analysing the I-V curve of the probe, using the Orbital
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Motion Limited (OML) theory [Mott-Smith and Langmuir, 1926] . According to OML, for a spherical Lp, the collected currents depend on the sign of the applied voltage with respect to plasma potential: when q(V -Vpl) < 0, V is usually referred as the "retarding" potential, while, in the opposite case, one refers to V as the "accelerating" potential, with q = +/-e depending on particle species (ions/electrons).
The electron current collected by an electrode submerged in plasma under retarding potential is given by:
where q is the elementary charge, Se the cross-section area for electron collection on the probe, and n = Ne the electron density.
Thermal velocity is assumed isotropically distributed in space, even in the presence of a magnetic field if the relevant 85 gyroradius is larger than (or of the same order of magnitude as) the probe radius (Rp); taking the average variation range of B
and Te for most ionospheric conditions, electron Larmor radius turns out to be several cm, which is larger than, or at least comparable to, the radii of most commonly deployed Lps. As a consequence, the probe cross-section, Se, coincides with the surface of a sphere with radius Rp, = 4 2 .
For an accelerating potential (V -Vpl > 0), two possible conditions, which depend on plasma sheath's relative size with respect 90 to Rp, can occur: for plasma sheaths thinner than Rp ("thin sheath" approximation), the collected current tends to get flattened to a constant value corresponding to the thermal current; for sheaths thicker than Rp ("thick sheath" approximation), Ie tends to increase linearly with V [Schott, 1968] .
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The Debye length, D, within the ionospheric range of electron temperatures and densities at Swarm altitude, is computed to vary between 0.2 cm and 4 cm. Considering that the actual sheath dimension is equal to several D, minimum sheath thickness 95 can be assumed of the order of one centimetre. Even considering minimum sheath thickness and the standard size range of most common Lps (from few mm to few cm), thin sheath condition is never satisfied, which means that thick sheath regime can be safely applied to the entire range of ionospheric conditions.
With these assumptions, Ie, is rewritten as:
Unlike electrons, in the satellite's reference system, ions are seen as a flux of particles coming from the ram direction with a velocity nearly equal to that of the satellite (vi = 7.6•10 3 m/s), since, due to their much larger masses, their thermal velocities are almost negligible in comparison to ram velocity.
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Therefore, the space distribution of ion velocity implies that probe cross section for ion collection is that of a flux tube almost aligned with the satellite velocity vector, whose dimensions also depend on probe voltage, being 2 i p S R  when the probe is at local plasma potential. Even taking into account ion drift, the maximum divergence from the ram direction is lower than 15°, as shown in Diego et al (2017b) , where Swarm Thermal Ion Imager (TII) measurements have been used to identify the actual ion arrival direction. Nevertheless, for our analysis, the current collected by the probe can be estimated assuming a flux 110 of mono-energetic ions with energy equal to = 1 2 ⁄ • • 2 .
Relying on the same considerations as those for electron collection, we assume here a thick sheath approximation for all ionospheric conditions encountered along the orbit; thus, the ion current can be computed from angular-momentum conservation of particles. The collected current (due to a mono-energetic beam of ions) can be expressed as:
This equation is valid for both retarding and accelerating potentials.
The Swarm Langmuir probe: Instruments and measurement modes
The Swarm Langmuir probes are two equal spheres of 4-mm radius mounted on ~10-cm-long stubs, which are Earth-facing 120 at the front end of the satellite: one, the so called "high-gain" probe, is covered by a thin film of TiN; the other (the "lowgain" probe) is covered by a thin film of gold. Currently, only the high-gain probe is used to determine electron density, and, in the majority of cases, electron temperature as well. The low-gain probe is involved in the determination of the spacecraft potential, Vs. Figure 2 is taken from Knudsen et al. (2017) , and schematically sketches the principle of the "harmonic" mode, i.e., Swarm Lp's operational mode for 99% of measuring time. Instead of performing a full V sweep for exploiting the nominal I-V characteristic curve, three bias points are chosen: one in 130 the "ion" region, i.e., at a potential negative enough to ensure that the collected current is almost entirely due to ions (Vion); one in the linear region, i.e., at a potential positive enough (Vlin) to ensure that the collected current is almost entirely due to electrons ("accelerating potential" region); one in the "retarding potential" region, i.e., around the knee of the I-V curve (Vret).
Bias potentials (always set to -2.5 V in the harmonic mode) are modulated by sinusoidal ripples at frequencies up to about 4 kHz, with a common nominal value of 128 Hz, and with adjustable amplitude (0.2 V in the ion region 
where Rp is the probe radius, q the elementary charge, vi the ram ion speed (which, as explained in Sect. 2, can be considered equal to vorb, i.e, the spacecraft velocity), and Ei the kinetic energy of the ion flow, that is, Ei= Goodwin et al., 2015; Park et al., 2015 Park et al., , 2016 .
Probe polarization-induced effects
As shown in the previous section, Swarm Lps determine Ne by an operational setup including a fixed -2.5 V bias set on the probe, and +/-0.2 V swings. In this section, we want to highlight two different effects induced on plasma surrounding a probe 155 when a fixed negative polarization is applied:
1) Such negative bias can cause a plasma sheath enlargement that actually modifies the particles collection by the sensors.
2) If the probe is too close to satellite surface, and operates in conditions under which plasma neutrality cannot be achieved, an electric field may appear in the proximity of the satellite surface, which, in turn, increases the effective 160 cross section of the probe.
compensation algorithms to evaluate and mitigate both perturbations in the measurement of Ne are presented in the next subsections.
Swarm Plasma-sheath effect
As known [Bhattarai and Mishra, 2017 , and references therein], a conductive body immersed in a plasma, when polarized at 165 negative potential, is surrounded by a plasma sheath filled with ions. The sheath size is about 5λD [Chen, 1984] , therefore, at high latitudes where λD increases, it can reach a diameter much larger than Rp. As a matter of fact, a sensor surrounded by a large sheath collects an additional quantity of ions, widening the collection region for ions beyond the mere cross sectional area of the probe, even though the actual plasma density is decreased producing a saturation-like effect.
The correction factor is obtained considering the effective collecting surface equal to the sheath size [Chen, 2001] , such that, 170 starting from Eq. 3, one can define an "effective" current collected by the probe as:
where Sh  (5*λD)/Rp . In this way, the correction factor, CF, is rewritten as
and can be easily evaluated assuming: where vorb  7600 m/s, k the Boltzmann constant, and h a constant depending on the ion species that surround the probe 180 [Merlino, 2017] . In our case, at Swarm orbit, h ranges from 3 (only Hydrogen ions) to 5 (only Oxygen ions). Here, we consider an average of 4.
Since a linear correlation exists between collected current and electron density, applying a correction factor to the current is equivalent to applying it to the density. Therefore:
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where Ne * can be considered as the "true" electron density inferred from a measured current located well into the ion region,
where the plasma sheath surrounding the probe results enlarged up to 5*λD, as described above. One should note, however, that both Ne and electron temperature, Te, are included in the calculation of the correction factor, as both quantities appear in the determination of the Debye length: while, in principle, one should use the "true" density (e.g., a density retrieved from independent measurements performed by other missions/instruments nearby, in which density is not evaluated in the ion 190 region), at a first approximation only a number of non-corrected density measurements are available. The correction factor is, therefore, to be interpreted in a qualitative sense. Moreover, considering that the enlargement of the Debye sheath due to the negative bias applied to the probe could lead to an overestimate of the electron density, at worst an underestimate of the CF is expected.
Effects from Swarm Satellite potential
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A spacecraft (S/C) is a floating body immersed in a plasma, which means that it collects ions and electrons, and emits photoelectrons depending on several parameters such as S/C shape, orbital velocity (vorb), electron temperature, etc.
Starting from the (generally unknown) plasma potential, which we can set to null, the floating body's potential varies in order to adjust currents until their sum is equal to zero.
Due to thermal velocity of electrons, this floating potential is usually negative compared to plasma potential at the altitude of
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Swarm where the photoelectron contribution is negligible.
In Figure 3 In case of a short distance between probes and S/C, a rather strong electric field is expected to take place. For a Swarm Lp, this distance is less than 10 cm, causing the electric field to be of the order of 10 V/m with the 1 V difference mentioned right typical Ne reduction at higher latitudes, which implies an increase in Debye length that is generally the key parameter for plasma instrument setting and measurements [Chen, 1984 , Merlino, 2007 .
a) b)
Once the algorithms described above are applied, N*e,S (green line) gets dramatically reduced, becoming comparable to Ne,C.
The algorithm for sheath effect (Sect. 3.1, Eq. 7) is particularly efficient at higher latitudes (i.e., for lower densities and longer Debye length). On the other hand, the S/C-probe electric-field correction (Sect. 3.2, Eq. 8) becomes important at low and medium latitudes, where S/C voltage turns positive with respect to fixed probe potential of -2.5 V in the ion collection region.
The remaining differences between N*e,S and Ne,C over both dayside and nightside semi-orbits can be related to the different 260 orbit inclination of the two satellites. Figure 5 shows Swarm (blue) and CSES-01 trajectory (red) corresponding to plasma density observations reported in Figure 4 . Indeed, the different shapes of the two semi-orbits clearly explains why Swarm observed a quasi-symmetric plasma density double peak, while CSES-01 detection resulted in a greater peak in the northern equatorial region: unlike CSES-01, Swarm crosses the equatorial region almost along the same meridian. 
Conclusions
This paper analyses the features and operation modes of Lps on board Swarm satellites, showing the occurrence of possible biases in the measurement of Ne that cannot be neglected. We have identified two different effects induced on plasma 290 surrounding the probes if a fixed negative polarization is applied, as it is the case for Swarm, for which electron density is evaluated in the ion collection region at a fixed voltage value of -2.5 V:
1. The modification in particle collection caused by plasma-sheath enlargement;
2. The possible occurrence of a strong electric field whenever satellite potential becomes significantly different from sensor potential.
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For both effects, compensation algorithms able to evaluate and mitigate such biases are presented and the relevant corrected density are compared to in-situ observations from the Lp on board CSES-01 satellite. August 2018 orbits have been selected for the comparison because of the close local-time conjunctions between the orbit of CSES01 and Swarm lower pair's. Swarm electron density, corrected taking into account the above described effects, shows a remarkable agreement with the homologous measurement by CSES-01 for both nightside and dayside portions of the orbits. Figure 7 , where one can spot density ratio shifting towards unity after correction, especially for measurements taken along the dayside portion of any orbit.
Of course, more statistical data are needed in order to better characterize differences and similarities of the two sets,
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considering that August 20, 2018 was a quiet day in terms of geomagnetic activity, and it would be interesting to observe to what extent the effects described above can affect plasma parameters in the environment surrounding the probes during events of intense ionospheric activity.
Finally, it would be very important to build a corpus of consistent measurements of ionospheric parameters, especially electron density, taken by multiple missions covering the same range of ionospheric layers: this would allow to highly improve 310 the global coverage rate needed to feed ionospheric models, such as IRI and especially topside IRI (IRI-UP), which right now heavily draw on Swarm data as input [e.g. Bilitza et al., 2017; Pignalberi et al., 2018, and ref. therein] .
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